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PROGRESSIVE CORRECTION OF RING 
ARTIFACTS IN A COMPUTED 
TOMOGRAPHY SYSTEM 

BACKGROUND OF THE INVENTION 

In an X-ray computed tomography system, an energy 
source irradiates X-ray beams through an object, and a 
detector array senses and measures the intensity of the 
attenuated X-ray across a thin section of the object. The 
X-ray intensity level incident at each detector is digitized 
and converted to a value representing the line integral, 
referred to in the art as a “projection”, of the object along the 
X-ray path. 

For third generation systems, during a scan, the X-ray 
source 20 and the detector array 22 rotate together about the 
object 24 as shoWn in FIG. 1. At each rotation angle, or vieW 
angle, the collected projections represent a projection pro?le 
of the object at that angle. With a set of projection pro?les 
over many vieW angles, an image of the object across the 
scanning section can be generated in a process knoWn as 
reconstruction. 

Each detector channel in the array comprises an X-ray 
detector and associated electronic circuitry for signal ampli 
?cation and digitiZation. The channels arc manufactured and 
calibrated to optimiZe accuracy and uniformity With respect 
to offset, gain, and linearity. HoWever, even With perfect 
calibration, the sensitivity of each channel can be altered 
over time due to variation in temperature, radiation damage, 
and other physical conditions. Each channel therefore can 
exhibit an inherent error in its measurement, Which can be 
categoriZed as an offset error ei in the projection value of a 
channel. When the intensity of the offset error ei of a channel 
i exceeds that of adjacent channels to a certain degree, a ring 
artifact is manifested in the reconstructed image. In this 
manner, the offset error ei is a ring-causing error. 

The radius ai of a ring artifact 28 caused by channel i is 
equal to the distance betWeen the projection path of the 
corresponding channel i and the center of rotation O, as 
shoWn in FIG. 2. Assuming this relationship, a ring artifact 
in an image can be identi?ed by its corresponding channel 
number i. Assuming that channels are mutually independent, 
the offset error ei amplitudes are randomly distributed 
among all channels. For a given channel, the offset error e, 
may vary as a function of the projection amplitude. Its 
dependence on the projection amplitude usually remains the 
same Within the duration of a scan. In principle, each 
affected channel produces a ring artifact of one channel in 
Width, but only those channels With a suf?ciently large offset 
ei generate visible ring artifacts in the image. With a random 
distribution of offset error ei, the visible rings are likeWise 
randomly distributed. 

In conventional techniques for mitigating offset error, the 
offset error ei can be estimated from the projection data, 
based on the assumptions that the same degree of error 
occurs over successive vieW angles, and that the error is 
independent of the performance of adjacent channels. 
Furthermore, it is knoWn that the projection data vary 
gradually as a function of detector channel. Therefore, if 
projection data are plotted as tWo-dimensional data (channel 
number vs. vieW angle), a loW-pass ?lter can be employed 
to average the projection values over a number of successive 
vieW angles. A high-pass ?lter can then be applied along the 
channel number dimension to ?lter offset error out of the 
object’s projection pro?le. Linear ?ltering alone may be 
insuf?cient for separating the offset error from the object 
pro?le. Therefore, additional nonlinear ?ltering is often 
necessary to discriminate offset error from the object pro?le. 
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2 
In the conventional techniques, the error offset respon 

sible for causing a single-channel ring can be estimated With 
fair accuracy. The estimated error is then subtracted from the 
projection values collected at that channel. FolloWing cor 
rection of all channels, the reconstructed image is free of 
single-channel rings. HoWever, it is quite common for an 
image to exhibit multiple-channel ring artifacts. The high 
pass ?lter is incapable of yielding an adequate estimate of 
this multiple-channel error, because such a ?lter is designed 
for determining single-channel error. Consequently, 
multiple-channel rings are not fully corrected, and the result 
ing image therefore includes reminiscent rings. 

In principle, the Wider multiple-channel rings are unlikely 
to occur if the detector channel offset errors are completely 
independent of each other. HoWever, detectors located in 
proximity tend to stay in the same physical condition and 
their corresponding offsets tend to drift together, particularly 
in a system having solid-state detectors. The intensities of 
Wide multiple-channel rings are generally much Weaker than 
those of the single-channel rings, since the common offset 
error over multiple-channels is, on average, smaller than a 
single-channel offset error. Furthermore, as a result of high 
pass ?ltering in the convolution operation performed during 
the reconstructing process, the intensity of the Wide ring 
artifact does not stand out as much as that of a single 
channel ring of the same offset error amplitude. The pres 
ence of Wide rings is often visible in images of objects of 
uniform structure, such as Water phantoms. HoWever, due to 
their relatively loW intensity, they are less visible in an 
image of a non-uniform object, for example, human body 
images. 

In principle, existing ?ltering ring artifact correction 
techniques can be extended to correct for the Wide rings. 
HoWever, conventional ?lters are speci?cally designed to 
?lter out single-channel error. In order to ?lter out rings of 
variable multiple-channel Width, a set of ?lters are required, 
each tailored to handle a speci?c Width. Since a ring can be 
several channels in Width, the total amount of computations 
required may be several times that needed for single-channel 
ring correction, leading to an impractical computing time. It 
is also questionable Whether such a solution Would lead to 
effective correction of Wide rings, and Worse, it is quite 
possible that this technique of curing the Wide ring artifacts 
may reintroduce narroW ring artifacts back into the image. 

Considering the aforementioned problems, little has been 
done to address the correction of Wide rings in the past. The 
intensity of these Wide rings are not as strong as single 
channel rings, and With accurate and frequent calibration, 
they do not pose a serious problem. HoWever, as systems 
improve and become increasingly sophisticated, it is desir 
able to be able to correct them. If they are correctable, the 
requirements for calibration can also be relaxed. 

SUMMARY OF THE INVENTION 

The present invention is therefore directed to a method 
and apparatus for progressive correction of ring artifacts in 
a computed tomography system in a manner Which over 
comes the limitations of the conventional techniques. 
The method of the invention is directed to a technique for 

correction of a mixture of ring artifacts of various channel 
Widths in an object image generated by a computed tomog 
raphy system having an array of detector channels for 
capturing projection data of an object. The method com 
prises iteratively grouping the detector channels into detec 
tor channel groupings. During each iteration, offset error 
values of each detector channel grouping With respect to 
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other detector channel groupings are determined from the 
captured projection data. The offset error values are then 
used to correct the captured projection data. 

In a preferred embodiment, adjacent detector channels are 
grouped into pairs at each iteration. Thus, for example, 
during the ?rst iteration, each detector channel is grouped 
individually, and the offset error value of each detector 
channel determined individually, With respect to other detec 
tor channels. During a second iteration, adjacent detector 
channels are grouped into pairs, and the offset error values 
of each detector channel pair are determined, With respect to 
other detector channel pairs. During a third iteration, pairs of 
adjacent detector channels are paired into quartets, and the 
offset error values of each quartet are determined, With 
respect to other detector channel quartets. During a fourth 
iteration, quartets of adjacent detector channels are paired 
into octets, and offset error values of each octet are 
determined, With respect to other detector channel octets. 
Subsequent iterations may be performed, depending on the 
total number of detectors used. In alternative embodiments, 
the number of adjacent channels in each group can be 
increased in each subsequent iteration, in accordance With 
other progressions. 

At each iteration, the offset error values corresponding to 
each channel are accumulated. The accumulated values 
corresponding to each detector channel are applied to the 
projection data collected by the channel for correction of the 
captured projection data. The step of determining the offset 
errors preferably comprises loW-pass ?ltering the data of 
each detector channel grouping over multiple successive 
vieW angles, and high-pass ?ltering the loW-pass ?ltered 
data of adjacent channel groupings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The foregoing and other objects, features and advantages 
of the invention Will be apparent from the more particular 
description of preferred embodiments of the invention, as 
illustrated in the accompanying draWings in Which like 
reference characters refer to the same parts throughout the 
different vieWs. The draWings are not necessarily to scale, 
emphasis instead being placed upon illustrating the prin 
ciples of the invention. 

FIG. 1 is a block diagram of a conventional X-ray CT 
scanner, including an X-ray source and a detector array 
mounted on a gantry and rotatable about an object at a 
constant angular velocity of u), illustrating the distance a, 
from the rotation center O to the X-ray incident on detector 
1. 

FIG. 2 is a reconstructed image including a concentric 
ring artifact of radius ai measured from the rotation center O, 
as a result of offset error inherent in detector channel i. 

FIG. 3A is an eXample of a plot of the spectrum of the 
object pro?le P and the spectrum of offset errors E, folloW 
ing averaging over a plurality of adjacent vieW angles, and 
the frequency response function K of the high-pass ?lter for 
progressive correction in accordance With the present inven 
tion. 

FIG. 3B is an eXample of a plot of the spectrum of the 
object pro?le E‘ and the offset error P‘, folloWing ?rst pass 
high-pass ?ltering and further averaging over all vieWs in an 
angular sector in accordance With the present invention. 

FIG. 4A is an eXample of a plot of the spectra of the object 
pro?le P, the offset error E, and the ?lter response K at a 
particular vieW angle for a second pass, in accordance With 
the present invention. 

FIG. 4B is an eXample of a plot of the spectra of the 
?ltered and further averaged object pro?le P‘ and the offset 
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4 
errors E‘ in an angular sector as a result of the second pass 
in accordance With the present invention. 

FIG. 5A is an eXample of a plot of the spectra of the object 
pro?le P, the offset errors E, and the ?lter response K at a 
vieW angle for the third pass in accordance With the present 
invention. 

FIG. 5B is an eXample of a plot of the spectra of the 
?ltered and further averaged object pro?le P‘ and offset 
errors E‘ in an angular sector as a result of third pass in 
accordance With the present invention. 

FIG. 6 is an eXample of a plot of the spectrum of the offset 
errors Ea‘, accumulated from four passes, for N original 
channels in accordance With the present invention. 

FIG. 7 is a block diagram of a system for progressive ring 
correction, in accordance With the present invention. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

The present invention is directed to a ring artifact correc 
tion technique Which employs the same ?lter to correct for 
all ring siZes, including both narroW single-channel and 
Wide multiple-channel rings, in an iterative and progressive 
manner. 

A block diagram of a preferred embodiment of a system 
100 for progressive ring correction is shoWn in FIG. 7, in 
accordance With the present invention. The system 100 
includes a CT scanner 102, including an X-ray source 20 and 
a detector array 22, mounted on a gantry rotatable about the 
object 24 for capturing projection data of the object. The 
projection data are preferably ?ltered over the vieW angle by 
a loW-pass ?lter 104 and over the detector channels by a 
high-pass ?lter 106. The ?ltered results are averaged over 
many vieW angles by a ring-error averager unit 108 to 
generate approXimate ring errors, and modi?ed by a Weight 
ing and limiting unit 110 to generate detector system offset 
errors. The offset errors are used by a ring correction unit 
112 to correct the intermediate data, Which are then pro 
gressively re-grouped by a channel grouping unit 114 for the 
neXt iteration of ring correction. The offset errors calculated 
at each iteration are summed at an accumulator 116 in 
accordance With the original channels. After the last 
iteration, the accumulated offset errors are presented to a 
?nal ring correction unit 118 to correct the original projec 
tion data, thereby providing ring-corrected data. 

In a preferred embodiment, a single-channel correction is 
initially performed, in Which the data of the various N 
channels are corrected to eliminate single-channel rings. 
Every tWo adjacent channels of the corrected data are then 
grouped into pairs and treated as a single channel. The total 
number of channels is thus reduced to N/2 for the neXt 
correction iteration (referred to herein as a “pass”), and both 
channels in each pair are corrected by the same offset error. 
The second corrected data of N/2 channels are further 
grouped into N/4 channels to generate third corrected data, 
and so forth. The offset errors determined at each correction 
pass are retained and accumulated for each channel. The 
accumulated offset errors are applied as a correction value to 
the original data of N channels. Although a 2-to-1 grouping, 
and four iterations, are spelled out beloW in describing the 
preferred embodiment, other groupings, and other numbers 
of iterations are equally applicable to the present invention. 

For simplicity, it is preferred to use the same ?lter for all 
correction passes as described above. HoWever, it is not 
necessary to do so. In principle, the optimal ?lter in each 
subsequent pass is nearly, but not eXactly, the same as the 
?lter of the ?rst pass. Thus, it is also possible to use a 
different ?lter for each pass, and obtain slightly improved 
results. 
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A determination of the exact magnitude of the multiple 
channel offset error is not necessary for full removal of ring 
artifacts. A Wide ring is gradually corrected over successive 
correction passes. After a number of passes, the offset error 
may still not be fully corrected. HoWever, so long as the 
error varies smoothly across the boundary betWeen adjacent 
multiple-channels, the ring artifact Will not appear. In an 
experimental embodiment, it has been determined that fol 
loWing a fourth correction pass, With data grouped into N/8 
channels, accumulated offset errors are adequate to remove 
all siZes of visible rings. In this manner, ring artifacts can be 
eliminated from the image in just a feW iterations. 

The operation of the progressive correction method of the 
present invention is best explained in the frequency domain 
in a qualitative manner, such as the example shoWn in FIG. 
3A, Which includes the spectrum of a pure object pro?le P 
at a particular vieW angle, and the spectrum of the associated 
offset errors E, folloWing averaging over a number of 
successive vieW angles. The averaging procedure is, in 
effect, a loW-pass ?ltering process Which suppresses high 
frequency components, and thus the projection pro?le P is 
highly skeWed to the loW frequency end of the spectrum, as 
shoWn. In order to illustrate the high-frequency components 
at loW amplitudes, the vertical scale of the FIG. 3A plot is 
sectioned to indicate that the magnitude of the projection 
pro?le P near Zero frequency is much greater than the 
magnitude appearing on the plot. Also, the offset error values 
Which superimpose on the object pro?le P in the collected 
projection data are plotted separately to illustrate the 
progress of these tWo components, P and E, in subsequent 
?ltering. 

The projection data are collected at N channels, With 
frequency ranging from 0 to the Nyquist frequency fN. The 
gain of the frequency response function of the high-pass 
?lter ranges betWeen 0 and 1 as shoWn in graph K. The 
high-pass ?lter in the example given has a half-response 
point at approximately the one-quarter Nyquist frequency 
fN/4. The operation of the high-pass ?lter is the equivalent 
of multiplying the object pro?le P and offset error pro?le E 
by the ?lter response function K in frequency space. 

To reduce the number of computations, it is preferable, 
although not necessary, to divide the 360° angular range into 
a number of sectors, each extending over a constant sector 
angle. Apreferred sector angle is betWeen 15° and 30°. The 
output data of high-pass ?ltering, including the object pro?le 
P and the error offset pro?le E are then further averaged over 
the vieW angles Within each angular sector. The spectra of P‘ 
and E‘ of this further-averaged result for an angular sector 
are shoWn in FIG. 3B. Because of the additional averaging, 
the high-pass ?ltered object pro?le P‘, Which varies With the 
vieW angle in both positive and negative amplitudes, is 
further diminished to a very small magnitude. On the other 
hand, the offset error E‘, Which should maintain at a fairly 
constant level Within the angular sector for each channel, is 
not diminished by further averaging. Thus, the resultant 
error offset pro?le E‘ of FIG. 3B is approximately the 
product of graphs E and K of FIG. 3A. 

The result obtained in the ?rst pass is actually the ?ltered 
object pro?le P‘ superimposed With the offset error E‘ in the 
spatial domain. Since the magnitude of ?ltered object pro?le 
P‘ is very small, it may be ignored, and the superimposed 
result may be considered as an estimate for E‘. HoWever, this 
is only an approximation. Depending on the scanning object, 
the ?ltered object pro?le P‘ may not be suf?ciently ?ltered 
out. Thus, in a preferred embodiment, the amount of this 
residual ?ltered object pro?le P‘ is evaluated and used as the 
basis for adjusting the estimation of the offset error. The 
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6 
spectrum of the adjusted estimates of the offset error departs 
slightly from the spectrum shoWn in E‘. When these adjusted 
estimates are used to correct for the collected projection 
data, the reconstructed image becomes free of single 
channel rings. 

In the progressive method of the present invention, fol 
loWing the ?rst pass correction, the ?rst pass corrected data 
are grouped for a second correction. The grouping is analo 
gous to a re-sampling of the data, in Which the data of every 
tWo channels in a pair are averaged into a single channel, and 
the frequency bandWidth is reduced into half of the original 
Nyquist frequency fN/2. FIG. 4A is a plot of the spectra of 
the grouped data of the second pass for the object pro?le P 
and offset error pro?le E. The total number of channels is 
reduced to N/2. The high-pass ?lter K is likeWise com 
pressed by a factor of tWo, With the half-response point 
reduced to the location near fN/8 in re-sampled frequency 
space. The result of the high-pass ?lter and further averaging 
over all vieW angles in a sector is shoWn in FIG. 4B. The 
residual ?ltered object pro?le P‘ of the second pass in FIG. 
4B is slightly larger than that of the ?rst pass in FIG. 3B, 
because the spectrum of the object pro?le P remains roughly 
the same Within this re-sampled frequency range, While the 
half-response point of the high-pass ?lter K is shifted to a 
loWer frequency. As Will be described beloW, further meth 
ods may be employed to differentiate the offset error pro?le 
E further from the object pro?le P, and thus provide addi 
tional basis for improved estimation of the offset error. 

Using the results of the second pass correction, the 
projection data can preferably be re-sampled for third and 
fourth pass corrections. The spectra of the re-sampled data, 
as Well as the high-pass ?ltered and further averaged results 
are given in FIG. 5 for the third pass, in the same manner as 
in FIG. 4. Again, the primary difference, beside the fre 
quency range, is that the magnitude of the residual-?ltered 
object pro?le P‘ becomes larger in the third and fourth 
passes. 

The estimated offset errors E‘ generated at each pass are 
combined in an accumulated offset error value for each of 
the N channels. The data corresponding to each paired or 
grouped channel of the second, third, and fourth passes are 
mapped into tWo, four, and eight channels, respectively, of 
this accumulated offset error. An example spectrum of the 
accumulated offset error Ea‘ is shoWn in FIG. 6. It is apparent 
that the spectrum of this accumulated offset error Ea‘ is 
slightly loWer in magnitude in the loW frequency range than 
the original offset error E of FIG. 3A. This is due to the 
relatively larger residual-?ltered object pro?le P‘ in the loW 
frequencies of later passes, Which causes an under 
estimation of the offset errors in the loW frequency range. 
HoWever, as mentioned above, the existence of offset error 
in the loW frequency range is not a problem because it Will 
be suppressed by the subsequent convolution ?lter. Although 
the accumulated offset error does not fully estimate the 
actual offset errors, it is an adequate approximation for 
correcting ring artifacts of all siZes in the reconstructed 
image. 
The technique for correction of single-channel ring arti 

facts presented herein is a preferred embodiment for carry 
ing out the invention. Other techniques are equally 
applicable, including those described in US. Pat. No. 5,745, 
542 and G. KoWalski, “Suppression of ring artifacts in CT 
fan-beam scanners”, IEEE Vol. NS-25, no. 5, pp. 1111—16, 
October 1978, each being incorporated herein by reference. 
The ?rst step in the ring correction is the application of a 

loW-pass ?lter to the data of each channel over a number of 
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successive vieW angles. Since the projection amplitude 
varies With vieW angle, While the offset error amplitude 
remains fairly constant, loW pass ?ltering enhances the offset 
error against the object pro?le (analogous to an enhance 
ment of signal-to-noise ratio) for subsequent high-pass ?l 
tering. A moving averaging method can be employed to 
perform the loW-pass ?ltering operation. If PZ-(G) represents 
the projection amplitude of the channel i at vieW angle 6, and 
A6 represents an increment of the vieW angle, the moving 
averaged projection amplitude QZ-(G) can be Written as: 

for averaging over 2K+1 vieW angles, With i=1, 2, . . . , N. 

A ?rst high-pass ?lter is then preferably applied to adja 
cent channels of the averaged projection QZ-(G) for each 
channel at each vieW angle, in order to ?lter out the object 
pro?le and to leave the offset error intact. A3-point ?lter can 
be employed to generate the ?rst ?ltered result RL-(G) as: 

With i=1, 2, . . . , N. The end points QO(6) and QN+1(6) can 
optionally be set to Q2(6) and QN_1(6) respectively. 

In the region Where the projection paths pass through 
nearly the center of the object and therefore the projection 
amplitude varies sloWly across adjacent channels, the above 
3-point ?lter can adequately ?lter out the gross structure, 
Which is the loW-frequency component of the object pro?le. 
HoWever, in regions Where the projection paths pass through 
the boundary of the object, Where the projection amplitude 
decreases rapidly, the ?rst ?ltered result RZ-(G) still contains 
an appreciable amount of the gross structure. 

In order to further isolate the offset error from the object 
pro?le, a second high-pass ?lter is applied to further reduce, 
or ?lter out, the object pro?le. A 5-point ?lter can be 
employed for this task, and the second ?ltered output Si(6) 
Which should primarily contain the offset errors, can be 
calculated as: 

With i=1, 2, . . . , N. The end points of the ?lter R_1(6), RO(6), 
RN+1(6), and RN+2(6) can be generated in many different 
Ways. The simplest is set them to 0, since their effect on 
results is negligible. 

The operation of Equations (2) and (3) may optionally be 
combined into a 7-point ?lter. Alternatively, a Fourier ?l 
tering technique may be employed, in Which the Fourier 
transform of the averaged projection QZ-(G) is multiplied by 
the equivalent response function of the 7-point ?lter in 
frequency space. 

To simplify and reduce the number of computations, the 
full range of vieW angles can be divided into a number of 
angular sectors, each sector containing L vieW angles. The 
inherent offset error associated With each channel is assumed 
to remain constant Within an angular sector. On the other 
hand, the ?ne structure of the object pro?le varies rapidly as 
a function of vieW angle. Thus, the offset error ei associated 
With channel i can be estimated as the mean of SZ-(G) over all 
vieW angles in the sector. That is: 

Where 61 is the ?rst vieW angle in that sector, and i=1, 2, . . . , 
N. 

Although the mean of Si(6) is an adequate estimate for the 
offset error ei in most regions of the projection data, such an 
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8 
estimate introduces at least tWo potential problems. First, the 
object may contain high-contrast features, such as bones in 
a human body. Projection of these features can generate a 
large amount of high-frequency components in the ?ltered 
projections SZ-(G). Second, the object may include arc-shaped 
structural features, particularly near the edge of a rounded 
object, and the projections of these features may happen to 
fall on the same channels over several vieW angles. Like the 
ring-causing offset error, projection of these arcuate struc 
tures Will stand out in SZ-(G). In both situations, the mean of 
Si(6) is not a reliable estimate for offset error. At the same 
time, it is less important to accurately correct for the offset 
error in these regions, because the rings are obscured by the 
high-contrast features or the coincident arc-shape structures. 
A solution proposed by the present invention is to Weight 
less, or underestimate, the error ei in these regions. 
A Weighting factor, Wi, re?ecting the con?dence of 

estimation, is used to generate the Weighted error e‘,- as: 

(5) 

With Wi ranging from 0 to 1. The dependence of Wi on the 
data is not necessarily in a speci?c form. One technique for 
determining the Weighting factor Wi value is based on the 
standard deviation of the ?ltered projections Si(6) of the 
same channel over the vieW angles Within that sector. If the 
?ltered projections Si(6) contain only offset error, the pro 
jection values should remain fairly constant throughout all 
vieW angles Within the sector. The standard deviation of 
Si(6) Will be near the eXtreme of 0 in this case. On the other 
hand, if the ?ltered projections SZ-(G) contain projections of 
high-contrast matters, the values Will vary rapidly over large 
amplitudes, and the standard deviation Will be large. 
Similarly, because the arc-shaped structure does not exactly 
coincide With a concentric ring, the projection of the arc 
shaped structure in SZ-(G) usually varies gradually over a 
large range and contributes to a large standard deviation. If 
the ?ltered projection values SZ-(G) remain fairly constant 
Within the sector, Which means the structural shape is 
precisely coincident With the ring, the presence of any ring 
artifact Will be obscured by the structural shape and the less 
accurate estimation of the error is acceptable. Thus, if the 
standard deviation of SZ-(G) is represented by oi, the Weight 
ing factor Wi can be calculated as: 

(6) 

: 0.0 for 0'; z o'max, 

Where omax is a predetermined constant representing the 
maXimum tolerable standard deviation due to the presence 
of the residual object pro?le. For normaliZed projection data, 
Where the maXimum amplitude is typically in the range of 5 
to 10 for a human image, a preferred value for this parameter 
is omwc=0.002. 
To determine the standard deviation, oi, let ei be the average 
of squares of Si(6) as: 

<,-=(s3(01)+s,2(e1+Ae)+s,2(e1+2Ae)+s,2(e1+(L-1)*Ae))/L. (7) 

It is Well knoWn that the square of a standard deviation is 
equal to: 

(8) 

Although Equation (6) is suitable for formulating the 
Weighting factor Wi, it is equally acceptable, and in fact 
preferable, to calculate the Weighting factor as: 
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(9) 

_ 2 2 
_ 0.0 for 0'; 2 Hum. 

By using the square of standard deviation, the sensitivity of 
the Weighting factor Wi is raised With respect to the deviation 
0,, and the time consuming square-root calculation is 
avoided. 

With a Weighting factor Wi calculated from Equation (9) 
or the like, the Weighted error e‘i is computed according to 
Equation (5), and used to correct for the original projection 
P,(@) for every vieW angle Within that sector as: 

When the entire set of corrected projections Pi‘(0) are used 
for reconstruction, the image Will be nearly free of single 
channel rings. In the present invention, the progressive 
operation continues to correct for all siZes of rings, and the 
original projections are not corrected until the ?nal pass, 
When the multiple-channel offset errors are determined. 

To prepare for second pass correction, the averaged 
projections Qi(0) are corrected by the averaged error e‘, from 
the ?rst pass as: 

Qiv(e)=Qi(e)_eli> (11) 

for every channel at every vieW angle in the sector. That is, 
6=61, 61+A6, 61+2A6, . . . , 61+(L—1)*A6, Where i=1, 2, . . 
. N. The corrected projections Qi‘(0) are neXt grouped, for 
example into pairs of tWo, as: 

Q2i(e)=O'5 *(Qi+iilv(e)+Qi+iv(e))> (12) 

Where i=1, 2, . . . , N/2. In this manner, the number of 

grouped channels is reduced to half of the number of original 
channels. 

The grouped projections Q2i(0) are neXt ?ltered by the 
three-point high-pass ?lter to provide ?ltered projections 
RZ-(G) as: 

R,(e)=-0.5 *Q2H(e)+1.0*Q2,(e)-0.5*Q2,+1(e) (13) 

Where i=1, 2, . . . , N/2. The ?lter of Equation (13), applied 
during the second pass, is analogous to the ?lter of Equation 
(2) of the ?rst pass. The dual-channel errors e2,- are calcu 
lated in the same manner as the single-channel errors ei in 
Equations (3) and (4), eXcept that the range of the indeX is 
reduced by half to i=1, 2, . . . , N/2. 

At each pass, as more channels are combined into each 
group, the object pro?le varies more rapidly across adjacent 
groups. At the same time, the magnitudes of multiple 
channel offset errors are smaller than those of single-channel 
offset errors. The multiple-channcl estimate Will contain 
more of the object pro?le relative to the offset error, par 
ticularly in projection data collected for regions near the 
boundary of the object. For this reason, it is preferred to use 
an additional Weighting factor to de-emphasiZe those With 
large errors, as they are more likely derived from the object 
pro?le. Therefore, instead of Equation (5), the Weighted 
multiple-channels errors are given by: 
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and, similar to Equation (9), W‘, is calculated from 

With 

It is possible to replace g2 calculated by Equation (16) 
With gi2=e2i2. HoWever, gi2 calculated by Equation (16) 
provides a better indicator for the presence of the residual 
object pro?le, because the object pro?le varies more gradu 
ally than the offset error over adjacent groups. Thus, When 
e2,2 values are averaged With adjacent groups, as in Equa 
tion (16), gi2 is more dependent on the object pro?le. As a 
result, W‘, is a more favorable Weighting factor, Which 
reduces the estimate for offset error in the presence of the 
residual object pro?le. Additional methods for calculating 
gi2 are equally applicable, for example, the folloWing three 
group averaging: 

gl-2=0.333*(e2ii12+e2i2+e2i+12) (17) 

is as acceptable as the calculation of Equation (16), depend 
ing on the application. 

Like omax, the constant gmwc represents the maXimum 
tolerable amplitude of error estimate due to the presence of 
the residual object pro?le. They are of similar magnitude, 
and it is acceptable to choose gmax=omax for purposes of the 
present invention. 

For the third pass of correction, the tWo-channel grouped 
projections Q2i(0) are corrected by the Weighted multiple 
channel errors e2‘i as: 

Q2i'(9)=Q2,-(9)-@2'i> (18) 

for every channel at every vieW angle in the sector, With i=1, 
2, . . . N/2. The Q2i‘(0) data set are then further grouped into 
pairs in preparation for the third pass, to contain four 
original channels in each group as: 

The four-channel error data e4,- corresponding to the 
projection data Q4i(0) are calculated in the same manner as 
the previous pass, With Q4i(0) substituting for Q2i(0) in 
Equation (13). And, like Equation (14), the Weighted four 
channel errors are calculated as: 

With Wi and W‘, given by Equations (9) and (15), and (similar 
to Equation (16)): 

gi2=O-5*(e4i412+e4i+12) (21) 

Where i=1, 2, . . . , N/4. 

The fourth correction pass is performed in the same 
manner as the third correction, With Q8l-(0) and e8i replacing 
Q4i(0) and e4i, respectively, to determine the Weighted 
eight-channel error e8‘i for i=1, 2, . . . , N/8. 

In an experimental embodiment operating on data col 
lected from a CT scanner, it Was determined that four 
correction passes Were suitable for ring artifact correction to 
a satisfactory level. If further correction is desirable, the 



6,115,445 
11 

process can continue to ?fth and sixth passes and beyond, 
depending on the number of detector channels, the number 
of channels grouped at each pass, and the level of precision 
required. 

It Was also determined that an optimal correction can be 
achieved by applying a scaling factor to the Weighted error 
in each pass. The scaling factor can be considered as a 
variable, for tuning the high-pass ?lter and the Weighting 
factors W and W‘, to obtain best estimate of the offset error 
in each pass. It Was found that the optimal scaling factor is 
approximately 0.6 for the ?rst pass, and 0.9 for the second, 
third, and fourth passes. In this case, the calculated values of 
e‘,-, e2‘i2, e4‘i4, and e8‘i8 in the above description are replaced 
by 0.6e‘i, 0.9e2‘i2, 0.9e4‘i4, and 0.9e8‘i8, respectively. The 
optimal scaling factor depends on the detector system and 
the eXtent of the offset errors. 

Suppose that four correction passes are performed. The 
Weighted errors are summed to an accumulated Weighted 
error E‘,- at each pass. At the end of fourth pass, the 
accumulated error E‘,- is represented by: 

E',.=e’,+e2',2+e4',4+e8',8 (22) 

for every angular sector in every original channel i=1, 2, . . 
. , N. The indices for the second pass i2, third pass i4, and 
fourth pass i8 are, for eXample, the truncated integers 
generated by dividing the original channel number by 2, 4, 
and 8, respectively. That is: 

With i2=1, 2,. . ., N/2, i4=1, 2,. . ., N/4, and i8=1, 2, . . . , 

N/8. 
Since the intensity of the ring artifact varies gradually 

from one sector to another, it is preferred that the accumu 
lated Weighted error E‘i be interpolated betWeen adjacent 
angular sectors such as a, b, c. For eXample, if Ea‘i, Eb‘i, and 
Ec‘i represent the accumulated Weighted error of channel i in 
three consecutive sectors, the interpolated correction for the 
middle sector b Will be: 

0=01+kA0. When all projections are corrected in this manner 
and the corrected projections Pi‘(0) are used for the 
reconstruction, the image Will be suitably corrected for all 
siZes of single-channel and multiple-channel ring artifacts. 

The foregoing discussion provides an effective method for 
correction of all siZes of concentric ring artifacts in the CT 
images. Experimental results demonstrate adequate removal 
of all siZes of rings inherent in the data collected from a 
scanner. A single-channel ring correction procedure is 
employed repetitively to improve results at each pass. Fol 
loWing the ?rst correction, adjacent channels of corrected 
data are grouped for the second correction. The grouping 
and correction passes continue on an iterative basis until 
Wider, multiple-channel rings are progressively corrected to 
an acceptable level. 
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In later passes, as more channels are combined into a 

group for correction, it is more dif?cult to separate the object 
pro?le from the ring-causing offset errors. To address this 
issue, an additional Weighting factor is employed folloWing 
the ?rst pass to further differentiate the object pro?le from 
the offset error. 

Since grouping of channels is an averaging process, the 
magnitude of the offset error and its standard deviation are 
eXpected to decrease With each pass, as more channels are 
combined in a group. Thus, it is preferred to reduce the 
maXimum level omax of the standard deviation in the ?rst 
Weighting factor Wi, and gmax in the Weighting factor W‘, for 
subsequent passes. For the eXample given above, it is 
preferred to use: 

(26) 032mm : Jim/2 and gimz : gin/2 for the second pass 

Ur2nax4 : Jim/4 and gig”, = gin/4 for the third pass 

032mm; : o'?m/ 8 and gimg : gin/8 for the second pass 

instead Of omwc2 in Equation (9) and gmwc2 in Equation (15). 
It is also preferred to limit the averaged error of each pass 
to a maXimum level, such that: 

alloWable averaged error in the ?rst, second, third, and forth 
correction passes. In a data collection involving normaliZed 
projection data Where the maXimum amplitude is typically in 
the range of 5 to 10 for a human image, the value e‘mwc is 
preferably set to 0.002. The remaining maXimum error 
values can be derived from e‘max as: 

4m = 0.002 (28) 

The purpose of the maXimum limits is to prevent over 
correction in Which the offset error is over-estimated because 
of spurious offset error arising from structural features of the 
object. In other Words, it prevents adding an arti?cial ring 
into the image as a result of poor estimation. 
The averaged error calculated before application of the 

limiter in Equation (27) is useful for providing an indication 
of the physical condition of the detector system. The values 
can be accumulated into an array C,- as 

for each original channel i in each sector as in Equations (22) 
and (23) Without limiting the error of each pass to a 
maXimum level. The accumulated condition data Ci can be 
averaged over all angular sectors to give a single C‘,- for each 
original channel i=1, 2, . . . , N. If any value of C‘,- is 
substantially higher than e‘mwc, this is an indication that the 
corresponding detecting channel is malfunctioning, or in 
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poor condition. This system operator can be informed of the 
status, and decide Whether to discard data from that channel 
to be replaced by, for example, interpolated data from 
adj acent channels. 

Although a speci?c single-channel ring correction tech 
nique is given above, as an example, other single-channel 
correction techniques can be employed as the basis for the 
progressive correction method of the present invention to 
correct for multiple-ring artifacts of various Widths. 
HoWever, a similar Weighting factor consistent With the 
alternative technique, may be required to further differenti 
ate the object pro?le from the offset error. 

With a binary grouping, the total number of groups is 
reduced according to an exponential rate at each successive 
iteration. Mathematically, the number of computations Will 
never be more than tWice the number of computations 
required for single-channel correction, even if the iterations 
continue to the extreme Where all original channels are 
combined into a single group. Furthermore, the initial opera 
tion of computing a moving average is performed only once, 
for example prior to the ?rst pass. As an example, if the 
process stops at the fourth pass, Where 8 original channels 
arc grouped for correction, the total computing time for this 
progressive correction is approximately 1.8 times the com 
puting time of the single-channel ring correction, a reason 
able computing time for practical applications. 

While this invention has been particularly shoWn and 
described With references to preferred embodiments thereof, 
it Will be understood by those skilled in the art that various 
changes in form and details may be made therein Without 
departing from the spirit and scope of the invention as 
de?ned by the appended claims. 
What is claimed is: 
1. A method for correction of multiple-channel ring arti 

facts in an object image generated by a computed tomog 
raphy system having an array of detector channels for 
capturing projection data of an object comprising: 

iteratively grouping the detector channels into detector 
channel groupings, and determining, from the captured 
projection data, offset error values of each detector 
channel grouping With respect to other detector channel 
groupings; and 

correcting the captured projection data by the offset error 
values. 

2. The method of claim 1 Wherein the step of iteratively 
grouping the detector channels comprises, at a ?rst iteration, 
grouping each detector channel individually, and determin 
ing offset error values of each detector channel individually, 
With respect to other detector channels. 

3. The method of claim 1 Wherein grouping the detector 
channels into detector channel groupings comprises group 
ing the detector channels into detector channel pairs. 

4. The method of claim 3 Wherein grouping the detector 
channels into detector channel pairs further comprises, 

at a ?rst iteration, grouping each detector channel 
individually, and determining offset error values of 
each detector channel individually, With respect to 
other detector channels; and 

at a second iteration, grouping adjacent detector channels 
into pairs, and determining offset error values of each 
detector channel pair, With respect to other detector 
channel pairs. 

5. The method of claim 4 Wherein grouping the detector 
channels into detector channel pairs further comprises, 

at a third iteration, pairing adjacent detector channel pairs 
into quartets, and determining offset error values of 
each quartet, With respect to other detector channel 
quartets; and 
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at a fourth iteration, pairing adjacent detector channel 

quartets into octets, and determining offset error values 
of each octet, With respect to other detector channel 
octets. 

6. The method of claim 1 Wherein grouping the detector 
channels comprises grouping adjacent detector channels into 
detector channel groupings. 

7. The method of claim 1 Wherein correcting comprises 
accumulating, at each iteration, the offset error values cor 
responding to each channel, and applying the accumulated 
offset error value corresponding to each channel to projec 
tion data collected by the channel. 

8. The method of claim 1 Wherein correcting further 
comprises applying the offset error values of each detector 
channel to future projection data collected by the channel. 

9. The method of claim 1 Wherein correcting comprises: 
loW-pass ?ltering the data of each detector channel group 

ing over multiple successive vieW angles; 
high-pass ?ltering the loW-pass ?ltered data of adjacent 

channel groupings. 
10. The method of claim 9 Wherein loW-pass ?ltering 

comprises calculating a moving average. 
11. The method of claim 9 Wherein high-pass ?ltering 

comprises a spatial-domain ?ltering technique selected from 
the group consisting of: 3-point ?lter, 5-point-?lter, 7-point 
?lter, and a frequency-domain ?ltering technique by Fourier 
transform. 

12. The method of claim 11 Wherein the same ?ltering 
technique is used for all iterations. 

13. The method of claim 11 Wherein different ?ltering 
techniques are used in at least tWo iterations. 

14. The method of claim 1 further comprising partitioning 
the captured projection data into data collected over a sector 
of vieW angles. 

15. The method of claim 1 further comprising modifying 
the offset error values by applying data-dependent Weighting 
factors. 

16. The method of claim 15 Wherein correcting com 
prises: 

loW-pass ?ltering the data of each detector channel group 
ing over multiple successive vieW angles; 

high-pass ?ltering the loW-pass ?ltered data of adjacent 
channel groupings; and 

Wherein the Weighting factors are determined based on the 
standard deviation, or the square of the standard 
deviation, of the projection data. 

17. The method of claim 15 Wherein correcting com 
prises: 

loW-pass ?ltering the data of each detector channel group 
ing over multiple successive vieW angles; 

high-pass ?ltering the loW-pass ?ltered data of adjacent 
channel groupings; and 

Wherein the Weighting factors are determined based on the 
square, or the averaged square, of the high-pass ?ltered 
projection data. 

18. The method of claim 1 further comprising modifying 
the offset error values by applying constant scaling factors. 

19. The method of claim 1 further comprising limiting the 
degree of correction by the maximum average of the offset 
error values. 

20. The method of claim 1 further comprising generating 
offset error values for recording the status of each individual 
detector, determining bad detectors from the status, and 
replacing data of bad detectors With interpolated data from 
adjacent detectors. 

21. A system for correction of multiple-channel ring 
artifacts in an object image generated by a computed tomog 
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raphy system having an array of detector channels for 
capturing projection data of an object comprising: 

a channel data processor for iteratively grouping the 
detector channels into detector channel groupings, and 
for determining, from the captured projection data, 
offset error values of each detector channel grouping 
With respect to other detector channel groupings; and 

a ring correction unit for correcting the captured projec 
tion data by the offset error values. 

22. The system of claim 21 Wherein the channel data 
processor comprises means for grouping, at a ?rst iteration, 
each detector channel individually, and means for determin 
ing offset error values of each detector channel individually, 
With respect to other detector channels. 

23. The system of claim 21 Wherein the channel data 
processor comprises means for grouping the detector chan 
nels into detector channel pairs. 

24. The system of claim 23 Wherein the channel data 
processor further comprises: 

means for grouping, at a ?rst iteration, each detector 
channel individually, and means for determining offset 
error values of each detector channel individually, With 
respect to other detector channels; and 

means for grouping, at a second iteration, adjacent detec 
tor channels into pairs, and means for determining 
offset error values of each detector channel pair, With 
respect to other detector channel pairs. 

25. The system of claim 24 Wherein the channel data 
processor further comprises: 

means for grouping, at a third iteration, adjacent detector 
channel pairs into quartets, and means for determining 
offset error values of each quartet, With respect to other 
detector channel quartets; and 

means for grouping, at a fourth iteration, adjacent detector 
channel quartets into octets, and means for determining 
offset error values of each octet, With respect to other 
detector channel octets. 

26. The system of claim 21 Wherein the channel data 
processor comprises means for grouping adjacent detector 
channels into detector channel groupings. 

27. The system of claim 21 Wherein the ring correction 
unit comprises means for accumulating, at each iteration, the 
offset error values corresponding to each channel, and means 
for applying the accumulated offset error value correspond 
ing to each channel to projection data collected by the 
channel. 

28. The system of claim 21 Wherein the ring correction 
unit further comprises means for applying the offset error 
values of each detector channel to future projection data 
collected by the channel. 

29. The system of claim 21 Wherein the ring correction 
unit comprises: 

a loW-pass ?lter for loW-pass ?ltering the data of each 
detector channel grouping over multiple successive 
vieW angles; 

a high-pass ?lter for high-pass ?ltering the loW-pass 
?ltered data of adjacent channel groupings. 

30. The system of claim 29 Wherein the loW-pass ?lter 
comprises means for calculating a moving average. 

31. The system of claim 29 Wherein the high-pass ?lter 
comprises a spatial-domain ?lter selected from the group 
consisting of: 3-point ?lter, 5-point-?lter, 7-point ?lter, and 
a Fourier transform frequency-domain ?lter. 

32. The system of claim 31 Wherein the same ?lter is used 
for all iterations. 

33. The system of claim 31 Wherein different ?lters are 
used in at least tWo iterations. 
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34. The system of claim 21 further comprising means for 

partitioning the captured projection data into data collected 
over a sector of vieW angles. 

35. The system of claim 21 further comprising means for 
modifying the offset error values by applying data 
dependent Weighting factors. 

36. The system of claim 35 Wherein the ring correction 
unit comprises: 

a loW-pass ?lter for loW-pass ?ltering the data of each 
detector channel grouping over multiple successive 
vieW angles; 

a high-pass ?lter for high-pass ?ltering the loW-pass 
?ltered data of adjacent channel groupings; and 

Wherein the Weighting factors are determined based on the 
standard deviation, or the square of the standard 
deviation, of the high-pass ?ltered projection data. 

37. The system of claim 35 Wherein the ring correction 
20 unit comprises: 

a loW-pass ?lter for loW-pass ?ltering the data of each 
detector channel grouping over multiple successive 
vieW angles; 

a high-pass ?lter for high-pass ?ltering the loW-pass 
25 ?ltered data of adjacent channel groupings; and 

Wherein the Weighting factors are determined based on the 
square, or the averaged square, of the high-pass ?ltered 
projection data. 

38. The system of claim 21 further comprising means for 
modifying the offset error values by applying constant 
scaling factors. 

39. The system of claim 21 further comprising means for 
limiting the degree of correction by the maXimum average of 
the offset error values. 

40. The system of claim 21 further comprising means for 
generating offset error values for recording the status of each 
individual detector, means for determining bad detectors 
from the status, and means for replacing the data of bad 
detectors With interpolated data from adjacent detectors. 

41. A system for correction of multiple-channel ring 
artifacts in an object image generated by a computed tomog 
raphy scanner having an array of detector channels for 
capturing projection data of an object comprising a sub 
system constructed and arranged so as to iteratively group 
the detector channels into detector channel groupings, to 
determine, from the captured projection data, offset error 
values of each detector channel grouping With respect to 
other detector channel groupings; and to correct the captured 
projection data by the offset error values. 

42. The system of claim 41 Wherein the subsystem further 
groups, at a ?rst iteration, each detector channel 
individually, and determines offset error values of each 
detector channel individually, With respect to other detector 
channels. 

43. The system of claim 41 Wherein the subsystem groups 
the detector channels into detector channel pairs. 

44. The system of claim 43 Wherein the subsystem 
further: 

groups, at a ?rst iteration, each detector channel 
individually, and determines offset error values of each 
detector channel individually, With respect to other 
detector channels; and 
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groups, at a second iteration, adjacent detector channels 
into pairs, and determines offset error values of each 
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detector channel pair, With respect to other detector groups, at a fourth iteration, adjacent detector channel 
channel pairs. quartets into octets, and determines offset error values 

45. The system Of Claim 44 Wherein the subsystem of each octet, With respect to other detector channel 
further: 06mm 

groups, at a third iteration, adjacent detector channel pairs 5 46. The system of claim 41 Wherein the subsystem groups 
into quartets, and determines offset error values of each adjacent detector channels into detector channel groupings. 
quartet, With respect to other detector channel quartets; 
and * * * * * 


